ABSTRACT: High-throughput, quantitative, and rapid microfluidic-9 based separations has been a long-sought goal for applications in 10 proteomics, genomics, biomarker discovery, and clinical diagnostics. 
sheets using an LPKF micromilling machine (ProtoMat-S100). 136 The sample and buffer were loaded into the microchip by a 137 pipet.
f1 138
Microchip Design and Operation. Figure 1a shows the 139 schematic diagram of the chip design and operation. The chip 140 consists of separation channels, sample loading channels, buffer 141 reservoirs together with holes on the top plate and droplet wells 142 on the bottom plate. Henceforth, the top plate is referred to as 143 the separation plate and the bottom plate as the droplet plate.
144
After fabrication with PMMA material, the plate surfaces 145 were smoothed by reflowing with chloroform and coating with 146 Duxback. This produced surfaces with excellent optical clarity 147 and hydrophobicity (see Figure S1 in the Supporting 148 Information). To facilitate "nonmicrofluidic users", we have 149 also developed protocols that precure separation gels (e.g., 150 agarose, polyacrylamide) in open channels forming a "Gelchip" 151 that can be prepared in batch and used off-the-shelf. The 152 separation plate was joined to the droplet plate in such a way 153 that the sample loading channels were connected with droplet 154 wells forming zigzag channels as shown in Figure 1a . 155 To seal the microchannels and minimize sample sticking on 156 the surface or any leakage, fluorinated oil (FC-40) was added at 157 the interface, especially covering the areas between the droplet 158 generation and the sample loading channels. The oil also 159 lubricates the two plates and minimizes surface friction during 160 movement of the plates. The two chip halves were clamped 161 together using magnets on opposite sides to ensure a tight 162 contact of the two plates. 32 After assembly, the sample mixture 163 was loaded into the sample loading channels via inlet holes (0.8 164 mm diameter) that were fitted with the end of a pipet tip. The 165 separation buffer (TBE/Tris-Ches) was then loaded to the two 166 buffer reservoirs connecting to both ends of the separation 167 channels. The 0.5 mm diameter platinum wire electrodes were 168 placed in each reservoir to provide a uniform electric field to all 169 of the parallel channels. Noted in certain separation modes 170 when liquid sieving matrixes are required, such as poly(ethylene 171 oxide) (PEO) solution for capillary gel electrophoresis (CGE) 172 or other capillary zone electrophoresis (CZE) buffers, the 173 separation channels were left empty during chip assembly. 174 Separation matrixes were then added to the channels before 
■ RESULTS AND DISCUSSION
213 Separation reproducibility was determined by separating 214 fluorescent dyes in the microchannels. In this experiment, all 215 the sample droplets contained the same sample mixture. FITC, 216 fluorescein, eosin Y, and 5-carboxyfluorescein at concentrations 217 of 25, 10, 144, and 13.5 μM, respectively, were prepared in 0.1× 218 TBE buffer and separated using 1.5% PEO gel (500 kDa). The 219 dyes were negatively charged at pH 8.4 and migrated toward 220 the anode when an electric field (90 V/cm) was applied. The 221 bands of separated dyes were detected at a distance of 3.5 cm 222 from the sample injection point. The pseudo gel plot and D 251 Information provides a short recording for the separation of 252 these dyes in 15 channels filled with agarose gel.
253
We further determined the effect of droplet sizes on the 254 separation efficiency. Four different droplet wells were 255 fabricated with different well depths to generate droplets with 256 volumes of 320, 800, 1280, and 1750 pL as shown in Figure  257 S4a,b in the Supporting Information. FITC and fluorescein 258 were separated within these four different droplet sizes (Figure  259 S4c,d in the Supporting Information) and separation resolution 260 (SR) was determined. It was found that the SR decreases with 261 the increasing droplet volume. The bands were highly resolved 262 for the smallest droplet volume ( Figure S5e in the Supporting 263 Information). However, there are slight deviations from a linear 264 fit which could be due to the differences in droplet size, 265 variations in electric field strength in different channels, and 266 wettability of the channels which affects aqueous droplet 267 merging. The theoretical plates achieved by this separation are 268 2220 (corresponding to the smallest droplet) to 1480 (the 269 largest droplet) at a distance of 8 mm.
270
This method of droplet-interfaced separation allows for 271 whole sample injection from the droplets to the separation 272 channels without any sample waste. Therefore, quantitative 273 analysis of analytes within the sample mixture can be achieved. 274 For each sample mixture, the chip produces multiple sample 275 droplets (three in this setup). The separation results can be 276 compared to provide a standard derivation, as is generally 277 required in a biochemical analysis. Since these sample repeats 278 are analyzed in parallel, no extra separation time is required in 279 our system. To validate this method, mixtures of samples were 280 prepared with fixed concentrations of 5-carboxyluorescein (9 281 μM) and fluorescein (50 μM) and varying the FITC 282 concentration from 0 to 50, 100, 150, 200, and 250 μM. 283 Each sample was injected into one sample channel to produce 284 three droplet copies, which were then separated in correspondf4 285 ing channels and the results are shown in Figure 4 . A program 286 written in Matlab was used to extract the peak areas, which 287 were further normalized using the peak area of 5-carboxy-288 fluorescein as an internal standard. The change in peak areas 289 has a linear correspondence (3.6% RSD) to the original sample 290 concentrations as illustrated in Figure 4c . 291 DNA sizing and protein separation are important applica-292 tions of gel electrophoresis in biochemistry, forensics, and 293 immunoassays. Here DNA ladders from 50, 100, 150, 200, 300, 294 400, 500, and 600 bp were separated to assess the performance 295 of the device with PEO gel, which is a well-studied sieving 296 matrix for separating DNA fragments ranging from 25bp to 297 over 2000bp. 3, 36 With the gel loading methods described in the 298 Experimental Section, different PEO (500 kDa) concentrations 299 ranging from 0.5 to 3% were successfully loaded to separation 300 channels and the DNA ladder was best separated in 2.5% PEO f5 301 gel in the device. Figure 5 shows the detection at a distance of 302 13 mm from the point of injection, and the separation was 303 completed within 120 s. 
